Germline mutations in the RET proto-oncogene are responsible for multiple endocrine neoplasia type 2 (MEN 2A and 2B) and familial medullary thyroid carcinoma (FMTC). Point mutations or in-frame deletions of exons 10, 11, 13, 14 and 16 are associated with sporadic medullary thyroid carcinoma (MTC). To understand further the role of the RET gene in sporadic MTC, we examined mutations in exons 12 and 15 of RET in patients with sporadic MTC. DNAs were extracted from 39 formalin-fixed tumor tissues and corresponding normal thyroid tissues or peripheral blood leukocytes. DNA sequencing was used to identify mutations in exons 12 and 15 of RET. In this study, one novel somatic mutation was found in exon 12 and five novel mutations or deletions were found in exon 15. Of the patients with mutations, one had an in-frame 12-bp deletion (nt. 2625-2636), one had point mutations in both codons 884 and 908, and the remaining three had point mutations in codons 748, 876 and 901, respectively. Together with our previous identification of somatic mutations in exons 10, 11, 13, 14 and 16, somatic alterations were found in 10 out of 39 (25.6%) sporadic MTCs. There was no association of RET gene mutations with tumor recurrence or prognosis. These results suggest that mutations occur frequently in the RET coding region in addition to the previously reported mutation hot spots, and there is a different spectrum of mutations between sporadic and hereditary MTC.
The RET proto-oncogene on human chromosome 10q11.2 encodes a protein receptor tyrosine kinase that includes an extracellular region with a cysteine-rich domain, a transmembrane region and an intracellular region with a tyrosine kinase domain. Germline point mutations in RET have been found to cause MEN 2A, 2B and FMTC. 1, 2) RET gene was first isolated by transfection of NIH 3T3 cells with a human T-cell lymphoma DNA, and was activated by fusion of the tyrosine kinase domain of this gene to the 5′-terminal portion of another gene, 3) i.e., H4 gene (RET/PTC1) 4) the regulatory subunit RIα of cAMP-dependent protein kinase A (RET/PTC2), 5) ELE1 gene (RET/PTC3 and RET/PTC4) [6] [7] [8] and RFG5 gene (RET/PTC5). 9) In MEN 2A families, germline mutations are concentrated in five cysteine codons: codons 609, 611, 618 and 620 in exon 10, and codon 634 in exon 11. 10) A small number of MEN2A families has germline mutations at codons 790. 11) In MEN 2B, approximately 95% of families have an M918T germline mutation in exon 16, [12] [13] [14] and recent research revealed A883F and V804M with Y806C germline mutation as another cause of MEN 2B. [15] [16] [17] Germline mutations in RET have been found in 88% of FMTC families, and the majority of mutations in FMTC occur in the same five cysteine codons altered in MEN 2A.
10) C630F, C630Y, E768D, L790F, Y791F, V804L, V804M and S891A germline mutations have been found in some FMTC families. 11, [18] [19] [20] [21] [22] [23] Various somatic mutations in the cysteine-rich domain and tyrosine kinase domain of RET have been identified in sporadic MTCs. In the cysteine-rich domain, mutations in codons 630 and 634, and deletion of nucleotides have been reported. [24] [25] [26] [27] [28] [29] In the intracellular tyrosine kinase domain, somatic mutations in codons 768 and 883 have been found in sporadic MTC, and are also found in FMTC and MEN 2B, respectively. 20, 30) In approximately one-third of sporadic MTCs, a somatic M918T mutation, which is also found in most MEN 2B families, has been reported, 12-14, 18, 22, 31, 32) and this mutation has been corre- 4 To whom correspondence should be addressed. E-mail: uchino@noguchi-med.or.jp Abbreviations used are: MEN, multiple endocrine neoplasia; FMTC, familial medullary thyroid carcinoma; MTC, medullary thyroid carcinoma; PCR, polymerase chain reaction. lated with tumor recurrence or poor prognosis. 25, 33, 34) In contrast, we detected the somatic M918T mutation in only 6% (2/34) of sporadic MTCs, and correlation of this mutation with poor prognosis could not be confirmed. 35, 36) This low incidence of somatic mutations in codon 918 led us to examine RET mutations in exons 12 and 15. Here we report novel somatic point mutations in RET exons 12 and 15 in sporadic MTCs, and a different spectrum of mutations in sporadic MTCs compared with hereditary MTCs.
MATERIALS AND METHODS
Patients Thirty-nine cases of sporadic MTC were analyzed for RET gene mutations. Thirty-four patients had undergone surgery between 1965 and 1996 at Noguchi Thyroid Clinic and Hospital Foundation, and five at the Department of Surgery, Kitakyushu Municipal Medical Center. There were no apparent family histories of MTC, pheochromocytoma or parathyroid disease when patients were evaluated initially. No other diseases including pheochromocytoma, hyperparathyroidism, skeletal abnormalities, mucosal neuromas or Hirschsprung's disease coupled with MTC were detected in these cases, and no germline RET mutations were found. DNA extraction Genomic DNA was isolated from 39 formalin-fixed tumor samples. For controls, formalin-fixed non-neoplastic thyroid tissues from 39 cases were selected and in addition, peripheral blood samples from 17 patients were obtained. Two 50-µm sections were sliced from each block of formalin-fixed tissue, and in cases of tumor tissue, a portion containing only the stroma of cancer cells as determined by hematoxylin and eosin staining was collected. DNA was extracted as described previously.
35)
Primer sequences and PCR conditions Oligonucleotide primers for PCR amplification of exons 12 and 15 of the RET gene were synthesized. 37) These primers were: 5′-GCCTTCTTCCTCCCCTGTCAT-3′ and 5′-GAGACTC-CCCCAGGGGCACTGT-3′ for exon 12, and 5′-TGAC-CGCTGCTGCCTGGCCAT-3′ and 5′-GCTTCCCAA-GGACTGCCTGC-3′ for exon 15. PCR amplification was carried out in a 50 µl reaction volume containing 100 ng of template DNA, 1.0 or 1.5 mM MgCl 2 , 0.2 mM dNTPs, 5 pmol of each sense and antisense primer, and 1 unit of AmpliTaq Gold (Perkin Elmer, Foster City, CA) with a PC-700 programmed thermal cycler (Astec, Tokyo). After initial denaturation at 94°C for 12 min, 35 cycles consisting of denaturation for 1 min at 94°C, annealing for 1 min at 55 to 67°C and extension for 1 min at 72°C were done followed by a final extension of 7 min at 72°C. All PCR reactions were performed repeatedly and we confirmed the presence or absence of RET mutation. Sequencing For nonisotopic sequencing, DNA products were purified with a QIAquick PCR Purification kit (Qiagen, Hilden, Germany). PCR products were then subjected to 25 cycles with sense or antisense primer using fluorescence-based dideoxy terminator cycle sequencing (Perkin Elmer). The products were eluted through a Centri-sep spin-column (Perkin Elmer) and subjected to capillary gel electrophoresis. Data collection, and analysis were performed on an automated DNA sequencer (ABI PRISM310, Perkin Elmer).
RESULTS
Somatic point mutations or deletions in exons 12 and 15 were found in 5 out of 39 cases (12.8%). One patient had a G748C mutation in exon 12 (Fig. 1A) . In exon 15, four somatic mutations were found: A876V, E884K, E901K and R908K (Fig. 1, B and C). One patient had both the E884K and R908K mutations. In addition to these point mutations, one patient had a 12-bp deletion of nucleotides 2625 to 2636, which included codons 898 to 902. This deletion resulted in an in-frame deletion of four amino acids (Fig. 1D) . Among non-neoplastic thyroid tissues from 39 cases, no specific mutations or PCR errors was found. Furthermore, we confirmed the results of sequencing in every case by independent PCR analysis.
Together with the results from 34 previous cases and 5 additional patients, 35) somatic alterations in exons 10-16 were found in 10 out of 39 (25.6%) sporadic MTCs. Somatic mutations were distributed throughout exons 11 to 16, and were found in both the cysteine-rich and tyrosine kinase domains (Table I ). The M918T mutation was found in only two patients (2/39, 5.1%). One patient had three point mutations (codons 766, 884 and 908), and one had mutations in both codons 918 and 919.
There was no association of somatic RET mutations with tumor recurrence or prognoses of patients (Table II) . Median follow-up period was 12 years, and tumor recurrence was found in four patients, one of whom died of the disease. Three patients died of other causes, and the remaining 35 are alive and well.
DISCUSSION
In this study, we found somatic mutations of RET exons 12 and 15 in 5 out of 39 patients (12.8%) with sporadic MTC. Most other reports on sporadic MTC examined exons 10, 11, 13, 14 and 16 of RET, and codon 918 of exon 16 is a well-known mutation hot spot. 12, 18, 22, 31) In contrast, in our series only 5.1% of sporadic MTCs showed somatic mutations in codon 918. Somatic mutations in exons 12 and 15 are believed to be rare, and there have been few studies that examined exon 12 or 15 in sporadic MTC. 24, 27, 30, 38) Fig . 2 illustrates the spectrum of RET mutations in hereditary and sporadic MTCs. Somatic mutations in cysteine codons 630 and 634, which are also detected in MEN 2A, were found in a subset of sporadic MTCs. 24, 25) In our study, C634W and C634Y mutations were found in one and two cases, respectively. 36) In these cases, the same mechanism might be operative as for MEN 2A mutation; wild-type RET exists normally as an undimerized form and mutant RET protein with these cysteine residues forms aberrant disulfide bonds with other mutant RET molecules, and thus creates a RET homodimer with constitutive activation of its kinase and transforming activities. 39, 40) Deletion of nucleotides in the cysteine-rich domain is also found in certain sporadic MTCs; a 6-bp deletion that includes codon 630 and a 3-bp deletion that spans codons 632 and 633 have been reported. 26, 27) Ceccherini et al. 28) found one case of sporadic MTC with a 6-bp deletion that removed codons 632 and 633 and one case with a 48-bp deletion that removed codons 592 to 607. They also showed that expression of RET carrying a deletion resulted in strong transforming activity in NIH 3T3 cells. Alemi et al. 29) reported that 14 of 15 sporadic MTCs had positions 1825 and 1830 to 1837 within the cysteine-rich domain deleted, resulting in the loss of codons 633 to 635 (LeuCys-Arg) and amino acid substitutions in codons 632 (Glu to Ser) and 636 (Thr to Ser). These are all in-frame mutations, and it is hypothesized that deletions in the cysteinerich region cause constitutive activation of the tyrosine kinase activity of RET.
In the intracellular tyrosine kinase domain, somatic E768D mutation, which is also found in some FMTCs, has been found. 20) In exon 12, we found a G748C mutation in a case of sporadic MTC, and we previously reported a P766S mutation of exon 13 in one case. 35) These mutations are within subdomains I and II of the highly conserved region, respectively. 41) Although the effects of these mutations have not been thoroughly investigated, it is thought that these mutations modify tyrosine kinase activity by changing the substrate specificity or the ATP-binding capacity of the receptor. shows the location of somatic RET mutations in sporadic MTCs. Mutations marked with * are described in this paper. Roman numerals indicate the positions of highly conserved subdomains of the tyrosine kinase family.
In the tyrosine kinase domain, codon 918 is frequently mutated in sporadic MTCs. The methionine at codon 918 is highly conserved and lies within the substrate binding pocket of the central catalytic core of the tyrosine kinase domain. It is thought that the M918T mutation causes constitutive activation of tyrosine kinase activity because the affinity of the substrate binding pocket is altered and phosphorylation is increased. 39, 43) One sporadic MTC case in our series showed point mutations in both codons 918 and 919. 35) The M918T mutation has been reported to correlate with tumor recurrence and poor prognosis. 33, 34) In contrast, there are reports of no correlation between the M918T mutation and clinicopathological characteristics or patients' prognoses. 30, 44) In this study, only four patients had recurrence of MTC, and none of them had mutation at codon 918. Two patients with somatic M918T mutations were free of disease for 15 years and 25 years after thyroidectomy, respectively. Our findings suggest no association of the M918T mutation with tumor recurrence or prognosis. Other reports examining sporadic MTC in Japanese patients also reported no correlation of the M918T mutation with tumor differentiation or clinical features. 45, 46) Factors other than somatic RET mutations might play an important role in sporadic MTC progression in Japanese patients. Because of the small number of cases in this study, the frequency of 918 mutation and the association of somatic 918 mutation with tumor recurrence or prognosis must be confirmed in a larger series of Japanese MTC cases.
The M918T, A919V and A883F mutations of the RET gene lie within highly conserved domains VI to VIII. 41) The A883F mutation lies within a region involved in substrate recognition. The A876V, E884K, E901K and R908K point mutations and the 12-bp deletion (nucleotides 2625 to 2636) found in this study also lie within the highly conserved VI to VIII region. Mutations in the activation loop are expected to significantly change tyrosine kinase activation.
16) The E901K and R908K mutations and 12-bp deletion occurred within this activation loop. Mutations in the activation loop of other tyrosine kinases have been reported to cause ligand-independent activation. 47, 48) The A876V mutation lies within the catalytic loop of the tyrosine kinase, and the E884K mutation lies within the substrate recognition site. Mutations in these areas might activate the tyrosine kinase and change the substrate specificity.
To establish whether the observed mutations in this study truly represent oncogenic alterations of the RET gene, we are now examining the significance of these new mutations by further verification of their oncogenicity in NIH3T3 transformation assays or by examining possible changes in biochemical properties such as dimerization of mutant RET proteins or tyrosine kinase activation. 49) In conclusion, RET gene mutations are found frequently in the cysteine-rich and tyrosine kinase domains in addition to the previously identified mutation hot spots. The difference in the spectrum of mutations between sporadic and hereditary MTC shows that tumor development or progression may be different between these two forms of MTC.
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